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Abstract

This study investigated Shielded Coil Electrodynamic

Propulsion (SCEP). The use of the earth's magnetic field as a

propulsion source has been previously investigated. The non-

uniformity of the earth's magnetic field at the pole has been

considered as a potential region for the application of field

differential propulsion. This concept of propulsion is limited to

inclinations near the magnetic poles where a current loop may be

exposed to a non-uniform field. Also, the concept of conductor

segments structurally attached to a spacecraft and closing through

the ionosphere (POTkV) has been investigated. It was found that a

significant amount of power and long conductors were required in

order for a POTkV to complete its assigned tasks. A more compact

propulsion concept which requires significantly less power is

proposed. This concept relies on the feasibility of significantly

reducing the magnetic force induced by the earth's magnetic field

on selected segments of a coil. Accordingly, this study primarily

focuses on the magnetic shield and its ability the reduce the

induced magnetic force on a shielded conductor and the shield

itself. The properties of high permeability ferromagnetic material

were reviewed. This indicated that in the presence of a magnetic

shield, the induced magnetic force would be significantly reduced.

To support the theoretical model an experiment was conducted. The

experiment consisted of exposing a coil to a magnetic field. The

rotation induced on the coil was reduced by a factor of 80 when the

x



coil was shielded. Finally, a brief calculation of the SCEP

performance suggest that it has significant potential for space

applications. Therefore, the findings of this study make the SCEP

a valuable propulsion concept.
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SHIELDED COIL ELECTRODYNAMIC PROPULSION (SCEP)

- A FEASIBILITY STUDY

I. Introduction

Space propulsion systems have been developed to accomplish

the different tasks associated with space operations. Chemical

propulsion is predominantly used for'tasks which require significant

thrust. For example, the space shuttle uses 38 thrusters each

capable of producing 3870 (N) (Sutton, G.P., 1992:16) for small

vehicle velocity adjustments and attitude control. A chemical

ron' :'s thrust is not easily modulated, so chemical rockets have

limited capability for tasks associated with precise maneuvering

such as docking. Nuclear rockets are also a high thrust engine,

however, current interest in this propulsion system lies in its

potential to achieve manned planetary missions. Electric propulsion

is designed to achieve tasks which require low to moderate thrust

for an extended period of time. This type of propulsion is

characterized by its high specific impulse compared to chemical

propulsion. Table I provides some performance parameters for

various types of propulsion systems. Finally, the use of the

earth's magnetic field as a propulsion source created a new type of

propulsion system which for the purpose of this report is referred

to as "field propulsion". Figure 1 is a tree representing the

interrelation amongst the different propulsion systems.
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Table L Performance Parameters.

Thrust Specific
Range Impulse Thrust

Type (mN) (sec) Duration

Resistojet (thermal) 2-100 200-300 months
Arcjet (thermal) 2-700 400-1500 months
Ion 0.001-200 1500-5000 months
Solid pulsed plasma 0.05-10 1000-2000 years
MPD* 0.001-2000 1000-8000 months
Monopropellant rocket 30-100,000 200-230 hours or minutes

*MPD: Magneto Plasma Dynamic

In 1965 Drell, Foley, and Ruderman proposed that the earth's

magnetic field may be used to provide a propulsive force to a

spacecraft (Drell, and others, 1965). This concept inspired the

design of the electrodynamic tethers which have a number of non-

electrodynamic applications (Penzo and Ammann, 1989:120).

Accordingly, an electrically conducting tether can be used for

propulsion. This means that when a current circulates in the

tether, the earth's magnetic field will induce a magnetic force on

the tether.

Th possibility of using an electrodynamic force resulting from

the interaction of the earth's magnetic field with a current

carrying conductor to precisely follow other space vehicles at close

range, dock with other spacecraft, and perform gross orbital

1-2



space Iropulslon

I ~ II
Rocket Field

Prop ilsion Propulsion

"El ectrodynamic
The 1 Non-Thermal tethers

Nuclar on Uniform
I field

hemical Electric Electric
L Shielded

-Solid - Ion Coil
MP)D

Liquid Plasma
-Arc jet contactors

- Resistojet
Figure 1. Space propulsion technology tree.

maneuver has been investigated (Spenny and Lawrence, 1993). In

particular, their research centered on using multiple segments of

conducting wire structurally attached to a satellite to provide

thrust and attitude control. The ambient plasma in the ionosphere

is used to close the current path between one end of the conductor

and the other (Penzo and Axmmann, 1989:120). Plasma contactors at

either end of the wire segment are used to promote this current

flow. The process of connecting and closing the loop through the

ionosphere increases the resistance of the total circuit. While the

actual magnitude of this resistance is not known precisely, it is

estimated to be between one and twenty ohms (Penzo and Ammann,

1989:125). Two of the findings for such a system are:
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1. that in order to accomplish the assigned task the power

requirement is significantly large; and

2. that the length of the conductor needed is relatively

long - 620 to 1700 meters (Lawrence, R. Jr. 1992:5-8).

The non-uniformity of the earth's magnetic field near the

magnetic pole has been proposed as a source of propulsion

(Engelberger, 1970). This type of propulsion is referred to as

differential field propulsion. Essentially, a current loop exposed

to a non-uniform magnetic field will experience a net force.

Accordingly, Engelberger suggests that near the magnetic pole where

the earth's magnetic field is less uniform, a spacecraft attached

to a large enough loop would experience sufficient force to propel

itself. Differential field propulsion is limited to regions where

the magnetic field varies in magnitude and/or direction, so, this

type of propulsion is limited to high inclination orbits.

In order to reduce the power requirement, reduce the length

of the conductor, and maintain the ability to operate in any

inclination orbit, this thesis investigates the feasibility of

using a partly shielded closed loop multiple-turn conductor wire in

lieu of a conductor segment with plasma contactors.

1.1 Electrodynamic Propulsion - Shielded Coil

Electromagnetic theory indicates that a current loop

subjected to a uniform magnetic field will experience a torque. The

force induced on a current element dL due to a magnetic flux density

B is given by (Herbert and Neff, 1987:195):
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reference Vxi3X 4JW)V'~t, rPkctangular
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wh~re:~ k , A
F2*-FI F3 RF

Figure 2. Unshielded loop exposed to earth's magnetic field.

dE =I dL X R1

Consider a rectangular loop exposed to a magnetic flux density

constant in direction and magnitude. Equation (1) may then be

integrated over each segment of the loop to obtain the force:

F, = ILi X B

V i = 1,2,3,4

Figure 2 illustrates how the force will act on each segment of the

loop. Now, consider a rectangular loop with three of its segments
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shielded such that the force may only arise on one segment.

Therefore, as seen in Figure 3, the loop will experience a net force

in lieu of a torque. This new propulsion concept is named Shielded

Coil Electrodynamic Propulsion (SCEP), and it essentially relies on

the ability to prevent the earth's magnetic field from inducing a

magnetic force upon the shield and the shielded segments of the

loop.

magnetic
shield

Figure 3. Shielded loop exposed to the earth's magnetic

field.

A partly shielded coil offers many advantages. First, a

closed loop circuit, such as a coil, does not have to use the

ionosphere as a current return path, thereby reducing the resistance

of the circuit to that of the resistance of the conductor wire of

the coil.

1.1.1 ki ' xample. Consider, a 1 (km) aluminum wire is

required in order to replace the plasma contactors and close the

loop. Since the current way be of the order of 1000 (amps), the

conductor wire diameter will be 4 (cm). The resistivity of an

aluminum wire is 2.8x10"8 (ohm*m), therefore, the resistance of the

1-6



wire will be 0.022 (ohm). Assuming a resistance of 1 (ohm) for the

ionosphere, the circuit resistance will be reduces by a factor of

slightly greater than 40.

Secondly, a coil is constructed with a number of turns

wrapped one on top of the other, thereby allowing for a much more

compact design. The 1 (km) long by 4 (cm) diameter tether discussed

in example 1.1.1 could be replaced by a 1 (m) X 0.25 (m) rectangular

coil of 1000 turns in which a 1 (amp) current circulates. The

4 (cm) diameter conductor wire would then be replaced by a 0.05 (cm)

conductor wire. Finally, a high amplitude pulsed current may be

used in the partly shielded closed loop circuit. This is

advantageous since a more efficient power source such as capacitor

could be used to generate the current required to obtain thrust.

1.2 Magnetic Shield

In the SCEP application, it is anticipated that a cylindrical

magnetic shield will be wrapped around those segments of the loop

for which it will be undesirable that the earth's magnetic field

induce a force. Since magnetic shields are currently used to

prevent a magnetic field from entering (Baum and Bork, 1991:69) or

leaving (Haga and Nasuno, 1990:759) a given region, it is expected

that the cylindrical shield will effectively reduce the magnetic

force due to the earth's magnetic field on the shielded conductor.

However, the SCEP application capitalizes on the ability to prevent

the earth's magnetic field from inducing a magnetic force upon the

shield as well as the shielded conductor.

Therefore, this feasibility study will primarily focus on the
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quantitative definition of the residual magnetic forces induced on

the shielded conductor and the shielding material for the particular

case of a shield submitted to the combined earth's magnetic field

and the magnetic field created by a current carrying conductor wire.

1.3 Magnetic Field - Terminology

As discussed later, the boundary conditions and the

magnetization of a magnetic shield are such that the magnitude and

direction of the resulting magnetic field within the shield may be

significantly different than the magnitude and direction of the

magnetic field which generated the resulting field. In this study,

the resulting field within the shield will be referred to as the

applied magnetic field, and the magnetic field which generated the

resulting field will be referred to as the triggering field.

For the purpose of this thesis, two triggering fields are

defined; the earth's magnetic field, referred to as the external

triggering field (etf), and the magnetic field created by the

current flow in the conductor, referred to as the internal

triggering field (itf). Both the internal and external fields will

create an applied field. Using the superposition principle (Lorrain

and Corson, 1970:43), it is possible to treat each applied field

independently, and the net or actual magnetic field within the

shield will be the vector sum of the two applied fields.

1.4 Report Outline

This study is limited to static magnetic field. In the SCEP

potential applications the magnetic shield will be submitted to the

earth's magnetic field and the magnetic field created by a
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continuous current carrying conductor. These fields are static,

however, the spacecraft's relative motion with respect to the

earth's magnetic field modifies the problem from strictly static

fields to non-static fields. The effect of the relative motion of

the spacecraft with respect to the earth's field is not discussed

in this thesis, nonetheless, the effect is expected to be mainly

back emf.

Chapter 2 qualitatively discusses the possibility of

shielding a magnetic force. Typically, a magnetic shield is a

ferromagnetic material with a very high permeability. Accordingly,

to demonstrate a magnetic shield's ability to reduce the induction

of the magnetic force upon itself and the shielded conductor, it is

necessary to review the properties of ferromagnetic and high

permeability materials when submitted to a triggering field.

Chapter 3 quantitatively determines the magnitude of the

magnetic force induced on the shield and the shielded conductor.

It defines a shield geometry which is best suited for the SCEP, and

discusses its limitations. Performance criteria are developed to

evaluate the SCEP potential for space applications. Accordingly,

a comparison of the SCEP and an electric thruster is also included

in this Chapter. Finally, when the current level is varied to

achieve a desired thrust profile, it is likely that a residual

magnetic field will accumulate within the shield, thereby degrading

its performance. This issue and a method to manage the residual

field are also discussed.

1-9



Chapter four describes an experiment designed to verify the

theoretical findings of Chapter two. The aim of this experiment is

to demonstrate the feasibility of shielding a magnetic force.

Chapter five contains a summary of the findings cf this

feasibility study and recommendations for further investigation.

1-10



II. Shielding a Magnetic Force

2.1 Ferromagnetism

2.1.1 Introduction. Ferromagnetic materials are characterized

by their strong permanent magnetic moments, even in the absence of

a triggering field (Johnk, 1975:151). In 1907, Weiss postulated and

later confirmed experimentally that a ferromagnetic material in an

overall unmagnetized state consists of many small, essentially

totally magnetized domains. Each domain is randomly oriented so

that the sum of all magnetic fields is approximately equal to 0.

Domain sizes have been found to range from a few microns to a

millimeter across. Weiss further postulated that strong intrinsic

coupling or interaction forces exist between adjacent atoms to

provide the fully magnetized state within a given domain. In 1928,

Heisenberg of Germany and Frenkel of the USSR independently

verified, using quantum theory, that the extraordinarily strong

forces holding the domain atoms in parallel alignment is

attributable to the coupling forces between the net electron spins

of the adjacent atoms (Heisenberg, W. 1928:49). The walls between

the domains are transition regions for the spin alignments of the

adjacent domains, and they are of the order of 100 atoms thick

(Johnk, C.T.A. 1975: 151). As the strength of a triggering magnetic

field applied to a ferromagnetic material is increased , the domain

walls move to favor the growth of those domains having magnetic

moments aligned with the applied field (Figure 4). This movement

of walls is reversible by decreasing the field if the amplitude of
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the triggering field is not too large. For a sufficiently large

triggering field, the domain magnetic moments rotate until

essentially all moments are oriented parallel with the applied

field. This condition is called saturation. This paragraph has

described qualitatively the nature of a ferromagnetic material with

and without a triggering magnetic field present. The following

paragraphs offer a more quantitative description of this behavior.

No Weak Moderate SaturaUon
applied applied field field

field field

B B B

71 II

Figure A. Electron's spin submitted to external triggering field
(Johnk, 1975:152).

2.1.2 Magnetic Field Intensity (H) vs Magnetic Field Density

(B). The relation between the magnetic field intensity and the

magnetic field density in an isotropic medium is given by (Krauss

J.D. 1984:169):

L_ - a (3)

a2-
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where p is the permeability of the medium, and the subscript "a"

indicates that the equation is valid as long as B and H are in the

same medium. For ferromagnetic materials, as we will see, the

permeability and hence the relative permeability varies with the

intensity of the applied magnetic field.

2.1.3 Magnetization. As suggested earlier, in the presence

of a triggering field, the electron spin axis within a ferromagnetic

material will tend to align in the direction of the applied field.

The ordered alignment of those spin axis' will result in the

apparent creation of a second magnetic field within the shield.

This field is referred to as the magnetization field M. Figure 5

illustrates a ferromagnetic material magnetized by a triggering

field. For an isotropic medium, the magnetization is obtained using

the following relation (Herbert and Neff 1981:231):

_ = ( - 1) _.a

where

M = magnetization vector (amp/m);

H-pp = the applied magnetic field vector (amp/m);

pý = relative permeability of the material; and

the relative permeability is given by (Krauss J.D. 1984:215):

PO
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where

vr = relative permeability of the medium; and

po = permeability of vacuum.

*ooeeeeeoOQ e°. ee.O-- eee6eo

-.-- - =M=O

Multiple turn coil
to generate B

Figure 5. Magnetization field within magnetized iron rod (Johnk,
1975:1522).

Also, for the purpose of modelling the magnetization field as

a surface magnetic current density, it is possible to approximate

the magnetic moment of each spin by an equivalent small current

loop. As can be seen in the cylindrical section of magnetized

material in Figure 6, neighboring current densities created by the

magnetic moment cancels out except for an apparent surface current

referred to as the magnetic surface current density (Jj). The

surface magnetic current density is given by (Johnk, C.T.A.

1975:146):
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• / I =nxM= x. nxH

where

X= the magnetic susceptibility of the material;

!Z = the surface magnetic current density (amp/m); and

n = the unit vector normal to the surface.

Xm = (P, -1I) (7)

extemal field

current
loops

a) b)

a) Each of the magnetic moments have been replaced
by a current loop. b) The cross section shows the current loops.

Figure 6. Surface magnetic current density.
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The modelling of the magnetization field by a magnetic surface

current density will prove useful later as we determine the effect

of the magnetization field on the magnetic shield's performance.

2.1.4 B&H Curve - Relative Permeability p,. As discussed

earlier, the triggering field will result in an applied field, and

the presence of the applied field will create a magnetization field.

Accordingly, the applied magnetic field density (BQ•) will be

proportional both to the applied and to the magnetization field, and

it is given by (Herbert and Neff 1981:231):

B. app=go (H_ app _) (+)

Using equation (3) and equation (5) it is possible to express

the applied magnetic field density (Bap) in terms of the relative

permeability and of the applied magnetic field (Hap), as given by:

Bpp = 0 L L appH= (H)

The relation between Bap and H_!p is non-linear and it is given

by a magnetization curve, also known as the B&H curve. The slope

of this curve is defined as the incremental permeability (Johnk,

C.T.A. 1975:154). A typical magnetization curve for a ferromagnetic

material submitted to a triggering field for the first time is

illustrated at Figure 7. This curve is referred to as the initial

magnetization curve. The magnetization curve is modified when the

triggering field is re-applied after having been removed. This

change is due to the lagging of the applied magnetic field density
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behind the magnetizing force, and is known as the hysteresis effect.

Therefore, the relative permeability of a ferromagnetic material is

not constant but a function of both the applied magnetic field, and

the previous magnetic history of the material (Figure 8).

B Easy Hard magnetization
a LpPmagnetization -

H
app

Fige7. Initial magnetization curve. (Krauss J. D.,1984:242)

2.1.5 Initial Magnetization. The initial magnetization curve

may be divided in to two regions; the "easy magnetization" region,

and the "hard magnetization" region. Recall that the nature of the

interaction between the walls of the material and the applied

magnetic field is to re-orient the magnetic moment of the electron

spins in the same direction as the applied field, thereby resulting

in a magnetization field. Therefore, the magnetization of the

material is proportional to the number of walls. The easy
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magnetization region is characterized by a steep slope which is due

to the fact that a large number of walls are available to interact

with the applied magnetic field. Accordingly, magnetization of the

material is achieved relatively easily and the applied magnetic

field density (Bap) increases significantly as the applied magnetic

field (H.P) increases. The hard magnetization region is

characterized by the shallower slope of the magnetization curve

which suggests that the number of walls has decreased significantly.

Therefore, further magnetization of the material becomes more

difficult. That is the rate at which Bpp increases for a given

increase in H is significantly less than the rate at which Bo,

increases in the easy .magnetization region.

2.1.6 B&H - Hysteresis. Now we will focus our attention on

the behavior of the applied magnetic field density (B.pp) when the

Residual , I~nitial

flx density- magnetizaion

_• R (Am-')

force

Figure 8. Hysteresis effect. (Krauss J. D.,1984:246)
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applied magnetic field (H&,) is removed from the material. As

indicated earlier, due to the hysteresis effect B.• lags behind HE.

Figure 8 illustrates this behavior.

First, consider a demagnetized ferromagnetic material, i.e.

B .=0. When a small Ha. is applied and then removed we note that

the B.• returns to zero. Therefore no hysteresis effect is

observed. This region is referred to as the "reversible wall

motion" region (Figure 9). When the H& is increased beyond the

reversible wall motion region and then removed, we observe that a

permanent magnetic field density (Br1 ) is retained within the

material. Also, in this region the incremental permeability

increases. This region is defined as the "irrevti Able wall motion"

region. Finally, when H&• is increased even further and then

removed we note that an even higher permanent magnetic field density

(B,2) is retained within the material. This region is defined by a

decrease in the incremental permeability and is referred to as the

"irreversible magnetization rotation" region. Incremental

permeability reaches a constant value when the material is

magnetically saturated. Any magnetic field density (B,) retained

within the material is referred to as the residual magnetic field

density. If the polarity of the applied magnetic field is reversed,

we note that a magnetic field of intensity H, will reduce B. to

zero. H. is referred to as the "coercive force".

Equations (3) through (9) are valid for an isotropic medium,

that is, the maciatization field is assumed to be in the same

direction as the applied magnetic field. This assumption is correct

for the initial magnetization curve. However, when H&• is removed
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and re-applied in the opposite direction B_ will maintain its

original direction until H_, - -H&. Accordingly, in this region HP

and BRp are no longer in the same direction, and the medium is no

longer considered isotropic.

In this study, we assume that the material is isotropic; this

assumption is based on the following arguments. In the design of

the SCEP a shaking coil is considered; the purpose of this coil is

to demagnetized the shield. The presence of the coil tends to

significantly decrease the magnitude of Hj to a point where the

hysteresis effect becomes negligible (Baum and Bork, 1991:73).

Accordingly, HjpP will almost continually have the same direction as

B.p and the material will behave as an isotropic material.

Applied P3

magnetic
field density .

B -. Irreversible
magnetization
rotation region///

0 Irreversible
wall motion

/ Br / region
XP 1

/ / A )Reversible wall motion region

Ha Hli 0 Applied H

Figure 9. Wall motion regions. (Johnk C.T.A.,1975:153)
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2.2 High Permeability Material
2.2.1 Boundary Effect. Now we investigate the behavior of a

magnetic field at the boundary between a low and a high permeability

medium. In a single medium the magnetic field is continuous.

However, at the boundary between two media of different

permeabilities, the magnetic field may change abruptly both in

magnitude and direction. The following relation describes the

change in direction (Krauss, J. D. 1984: 236):

tan a, p, lpr, (is)

tan %2 2 r2

where

p= the permeability of medium 1;

Pj = the relative permeability of medium 1;

P2 = the permeability of medium 2;

Pý2 = the relative permeability of medium 2;

a, = the angle of incidence, measured normal to the boundary,

at which the field travel in medium 1; and

a2 = the transmitted angle, measured from the normal to the

boundary at which the field travel in medium 2

2.2.2 Vacuum/Shield Boundary. Consider the case of a

magnetic field with its source in the vacuum (medium 1), where the

relative permeability is 1, and a magnetic shield (medium 2), where

the relative permeability may vary from 8,000 to 450, 000. For these

conditions, the ratio of the relative permeability will be extremely

small, which suggests that for almost any angle of incidence the

transmitted angle will be close to 90 degrees. For example, let:

2-11



Ipr1 - 1 (vacuum)

P-2 30,000 (relative permeability of a magnetic shield),

then the value of the transmitted angle for different angles of

incidence may be computed using equation(10), and tabulated

(Table II). As expected, the transmitted angle will be greater than

89.9 degrees for any incident angle greater than 10 degrees.

Tabla U. Incident vs transmitted angle with p, - 30,000.

al a, a, at
(degree) (degree) (degree) (degree)

9.I 89.999 3369 25.M
1B9M 89.989 .9193 27.636
11.259 89.999 .A113 656
12.857 89.992 .B129 33.968
15.6 89.993 1.99151 3.146
19.M 89.99M g1989 3.304
22.509 89.995 3A225 69.675
3.00 89.997 O.36 57.518
45.g 89.990 33459 67A3
99.9 9333 33993 78J19

Conversely, consider the source of a magnetic field to be in

the high permeability medium, the shield (medium 1), into a vacuum

(medium 2). In this case, the ratio of the relative pe-neability

will be very high, which suggests that for almost any angle of

incidence the transmitted angle will be normal to the boundary.

Figure 10 illustrates the influence of these boundary conditions on

the field orientation and magnitude for a medium of relative

permeability 9 times greater than the other medium. In this
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2.3 Magnetic Field Around Magnetic Shield

2.3.1 Introduction. Based on the preceding discussion, it is

possible to describe the magnetic field behavior in and around a

cylindrical shield. As stated earlier, the magnetic shield will

be exposed to both the external triggering field and the internal

triggering field. We will address this problem by independently

studying the case of a magnetic shield exposed to an external

magnetic field and the case of a shield exposed to an internal

field. Then, using the superposition principle (Lorrain, P. and

Corson, R.C. 1970: 43), we will combine the effects of both magnetic

fields to obtain the total magnetic field within and around the

shield. Throughout this section we will assume that the shield is

adequately demagnetized. In chapter 3 we will discuss a technique

which may be employed to ensure that the coil is indeed

demagnetized.

2.3.2 Magnetic Shield - External triggering Field. First,

recall that at the boundary between the vacuum and the shield, most

of the applied magnetic field will tend to remain parallel to the

surface of the shield after penetration, and a small portion of the

external triggering magnetic field will penetrate the shield and

maintain a direction normal to the shield. The applied field will

tend to orient the electron spin axis to be parallel to the shield

surface, thereby creating a magnetization field which in turn may

be modelled as a magnetic surface current density. This current

will create a magnetic field inside and outside of the shield.

Accordingly, the net magnetic field outside the shield will be equal
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to the sum of the external triggering field and the magnetic field

created by the magnetic surface current density.

Now consider a cylindrical shield with its axis perpendicular

to the external triggering magnetic field. Based on the previous

discussion, it may be viewed that most of the external field will

penetrate the outer surface of the shield following a direction

essentially parallel to the surface of the shield and exiting to

free space and turning to produce a uniform distribution.

Simultaneously, the electron spin axis will be re-oriented and

create a magnetization field within the shield, and a magnetic

surface current density which in turn will create a magnetic field

inside and outside the shield's surface. This is conceptually

illustrated at (Figure 10).

Accordingly, the magnetic field inside the cylindrical shield

will be the sum of the field created by the surface magnetic

current density and that portion of the external triggering field

which, due to its very small angle of incidence, will successfully

leak through the shield into the shielded region. This is

illustrated in Figure 10, where the one flux line with an angle of

incidence of zero is seen to penetrate the inner surface of the

shield. Only a very small part of the external triggering field

will reach the conductor wire. Accordingly, the induced magnetic

force that would have been exerted on the conductor wire in the

absence of the shield will be greatly reduced by the shield's

presence. The magnitude of the field inside the shield will be

determined analytically in Chapter 3. Figure 12 is an accurate

representation of the magnetic field in and around a magnetic shield
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Increase flux line due to the
\ creation of magnetization

weak inside and outside
magnetic field generated by
the surfacecurrent density.

Figure 11. Conceptual illustration of the external and induced
fields in and around a cylindrical shield.

of relative permeability equal to 50.

We will now focus our attention on the nature of the

interaction between the external triggering magnetic field and the

magnetic shield in order to demonstrate that no force or torque will

be exerted on the shield itself.

As discussed previously the effect of the applied field on

the magnetic shield is to redirect the orientation of the electron

spin axis. Each electron spin may be modelled as a current loop

(Krauss, J. D. 1984: 215). Accordingly, a magnetic shield exposed

to a magnetic field is similar to current loops exposed to a

magnetic field. In such a case, electromagnetic theory indicates
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!~ 0/

Figure 12. Equation derived field in and around a cylindrical
shield for p, = 50. (Rikitake T.,1990:1232)

that the loop will experience a torque, and this is given by

(Lorrain and Corson, 1970:365):

= I B S sinO (ii)

where

S= the torque experienced by the current loop (N/m);

S = the area enclosed within the current loop (W);

I = the current circulating in the loop (amp);

B = the magnetic field (tesla); and

o = the angle between the magnetic moment of the loop and the

direction of the magnetic field (rads).
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Note that the vector not-'ion has been dropped. As we will see

shortly, it is not necessary to apply equation (11) to complete the

demonstration.

Accordingly, when an electron's spin axis is already aligned with

the applied field, and hence e - 0, no torque is experienced.

However, when an electron's spin is not aligned with the applied

field, the electron's spin will experience a torque which will tend

to align the spin in the direction of the applied field. As

discussed in the first section of this chapter, in a demagnetized

shield the spins are randomly oriented from one domain to another,

therefore, the sum of all torques will be near zero.

Accordingly, the only kinetic interaction between the external

triggering field and the magnetic shield will result in the

application of torque on electron spin axis, and given the random

orientation of the spins no net torque will be experienced. No net

force will be induced on the shield due to the external triggering

magnetic field.

2.3.3 Magnetic Shield - Internal Triggering Field. An infinitely

long and straight current carrying conductor wire will produce a

circular magnetic field in a plane normal to the axis of the wire.

The direction of the field is obtained using the right hand rule,

and the magnitude field is given by (Herbert and Neff, 1981: 190):

Hf(p) = 1 (14

2 1 p

where
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I *- the current circulating in the wire (amp); and

p = the distance from the conductor axis (m).

This equation may be used as an approximation for a conductor

of finite length as long as the overall length of the conductor is

much greater than the distance p.

When a cylindrical shield is placed around the conductor, the

internal magnetic field will remain unchanged until it reaches the

shield. This result is explained at Appendix A. Inside the shield,

the magnetic field will behave in a manner similar to the one

described in the case of the external triggering field. The field

near the surface of the shield will penetrate the shield and will

tend to remain parallel to the shield surface. This applied

internal triggering field will in turn create a magnetization field

which may be modelled as magnetic surface current density. This

surface current density will also generate a magnetic field.

2.3.4 Combining the fields.- Two magnetic fields will be

present within the shield. Using the principle of superposition,

the net applied field will be equal to the vector sum of the two

applied fields. Since both applied fields are approximately

parallel to the surface of the shield, the vector sum is reduced to

the sum of the magnitude of each applied field on one side of the

shield, and the difference in magnitude of the two fields on the

other side of the shield (Figure 13). The combined applied magnetic

field may be treated as a single field. As discussed previously,

the interaction between an applied magnetic field and a shield is

characterized by the re-orientation of randomly oriented electron
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earth's magne- conductor wire
tic field •magnetic field
(<))

magnetic wmagnetic fields

field will add up will substract on

for this half of the this half of the shield

shield
Figure 13. Conceptual illustration of the combined fields
within a cylindrical shield.

spin moment. Each re-orientation is equivalent to a torque, and due

to the random orientation of the spin moments, the sum of all torque

will be approximately zero. Accordingly, it may be concluded that

no force will be induced on the shield due to the combined effect

of the external and internal magnetic triggering fields on the

electron spin moments within the shield. However, secondary fields

and surface current densities will be created, and these have the

potential to interact with the current carrying conductor or the

external triggering field and create a net force. The magnitude of

these interactions will be determined in Chapter 3.

2.4 Summary

In this Chapter we reviewed the magnetic properties of a high

permeability ferromagnetic material. This review was limited to
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the case of a demagnetized shield exposed to a uniform homogeneous

external triggering field and an internal triggering field created

by a current carrying conductor wire. This review indicated that

the transition from a low permeability medium such as vacuum to a

high permeability medium such as a magnetic shield allows for a

redirection of the magnetic field. It is this ability to redirect

the field which creates an region of greatly reduced magnetic field,

that is the shielded region. Also, the review indicated that the

interaction between the shield and the triggering magnetic fields

is such that the applied field will induce a torque on randomly

oriented domains of electrons spin axis within the shield.

Therefore, no significant force or torque is expected upon the

shield. This is a significant result and deserves further comments.

The ability to shield the magnetic force is due to the nature

of the interaction from which the force results. Consider the

gravitational interaction between two bodies; it is characterized

by the magnitude of their mass and the vector joining the two

bodies. Accordingly the gravitational force exerted on each body

is equal and opposite in direction. We note that the instantaneous

gravitational force acting on each mass is independent of their

relative velocity. In the case of magnetic interaction it is

significantly different. The magnetic force induced on a moving

particle by another moving particle is a function of the net charge

of each particle, the distance between the particles, and their

velocities. Therefore, the force exerted on a moving charge is

characterized by the motion of the charge. Accordingly, in the case

of the shielded conductor, the force that acts on a current carrying
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conductor wire is diffused by a force acting on a charge in circular

motion, that is the electron's spin axis, therefore resulting in a

torque rather than in a net force.

Finally, this review was conducted on a qualitative basis and

under the assumption that no residual field existed within the

shield. In Chapter 3 we discuss shielding on a more quantitative

basis by defining shield efficiency factor. A technique to manage

the residual magnetic field will also be discussed.
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III. Shielding Effectiveness

3.1 Introduction

In Chapter 2 we established that no significant force will

result from the interaction of an applied magnetic field and the

electron spin moments within a magnetic shield. However, secondary

fields and surface current densities will be created. Three

potential interaction sources are identified:

1. the portion of the external triggering which successfully

leaks through the shield into the shielded region. This

field is referred to as the "residual external triggering

field (Href)". The Hr..f will induce a force on the current

carrying conductor;

2. the magnetic surface current density (Jsm-,tf) created by

the external triggering field will generate a magnetic field

inside and outside the shield. The inside magnetic field

will also induce a force on the current carrying conductor;

and

3. the external triggering field will induce a force on the

magnetic surface current density (Jsm-itf) created by the

internal triggering field.

Therefore, the purpose of this chapter is to determine the

magnitude of those interactions.

3.1.1 Shielding Factor. Magnetic shielding may be defined

as the process of preventing a magnetic field from entering or

leaving an region protected by a magnetic shield. As seen in
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Chapter 2 perfect shielding cannot be achieved. A measure of the

magnetic shield efficiency is defined as the shielding efficiency

S:

where
Hunsield.dA = the magnetic field within region A when this region
is unshielded;
HhieldedA = the magnetic field within region A when this region
is shielded; and
the subscript "A" indicates that the magnetic field is
measured over the same region.

3.1.2 Cylindrical Geometry. A cylindrical shield offers the

best geometry for the problem of shielding a conductor wire. This

geometry is well suited to envelope a conductor while using the

minimum amount of shield. It also allows us to introduce

simplifying assumptions in the application of Laplace's and

Poisson's equations. These simplifications yield the development

of a closed form analytical expression for the magnetic field around

and within the magnetic shield. Without those simplifications, the

magnetic field would have been evaluated using numerical analysis

approximation, thereby rendering the problem analysis more complex.

Figure 14 illustrates the cylindrical shield and the associated

nomenclature.
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a0

Dout Dn• -

L

SHIELD DIMENSIONS:

a:the inside radius
b:the outside radius
Din:the inside diameter
Dour: the outside diameter
L: length

Figure 14. Cylindrical shield nomenclature.

3.1.3 End Effects. Mager discusses the issue of end effects

for a cylindrical shield (Mager, J.A.,1970). The end effects reduce

the overall shielding efficiency; however, as the ratio of the

length of the cylindrical shield over its diameter increases, the

end effects become negligible. Figure 15 is a graphical

representation of the shielding factor efficiency reduction

(ordinate) as a function of the overall length to diameter ratio.

The reduction in efficiency is less than 0.1 when a ratio of 10 or

greater is achieved. End effects may also be decreased by sealing

the end of the cylinder with caps built from the shield material.
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1.0 q = Reduction factor of shield

efficiency

q

0.5 0

0

0 5 10 L/Dout 15

Figure 15. Cylindrical shield efficiency vs length/diameter
(Mager,1970:68).

3.1.4 Applied Magnetic Field - Vector Notation. As

indicated before, due to the boundary conditions, the applied

magnetic field in a high permeability material will be aligned

nearly parallel to the shield's surface. Accordingly, the applied

magnetic field direction may be determined by the angle at which the

triggering fields penetrate the shield. Therefore, the vector

notation will be dropped for the discussion of the applied magnetic

field, with the assumption that it may readily be determined when

required.
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3.2 Residual External Triggering Field

3.2.1 Introduction. The H .. may be determined using

equation (13) and the H.,, it is given by:

H
rV s

Accordingly, to determine the magnitude of the force generated by

Hr.tt it is necessary to determine the shield efficiency S.

As discussed previously, two magnetic fields are present and

act upon the magnetic shield. It is evident that the aim of the

shield is to prevent the external field from entering the shielded

region. Consequently, we are not concerned with the magnetic

shield's ability to prevent the internal magnetic field from leaving

the shielded region. However, as discussed in Chapter 2 the

presence of internal triggering field will modify the applied

magnetic field density, which, as discussed later, is proportional

to the shield efficiency. In order to determine the shield

efficiency of a cylindrical shield exposed to an external and

internal field, we will first determine the shield efficiency for

the limited case of a cylindrical shield exposed to an external

triggering field. We will then determine the effect of the internal

field on the applied magnetic field density, and the shield

efficiency.
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3.2.2 Shield Efficiency - External triggering Field.

Albrecht J. Mager discussed the problem of a cylindrical magnetic

shield exposed to a uniform homogeneous external triggering magnetic

field (Mager, J.A. 1970:67). Neglecting the end effect associated

with the cylindrical geometry, and assuming that the relative

permeability of the shield is much greater than the relative

permeability of the medium surrounding the shield, the shielding

factor for the shielded region is given by

(Mager, J.A. 1970:68):

2
_(1 I (15)

4 2D;O

where

Din = the inside diameter of the cylindrical shield;

Dour = the outside diameter of the cylindrical shield; and

in the case of a magnetic shield;

2
1 D.

4F 2

accordingly equation (15) may be rewritten as:

( 1 P , 
( 1 )

42
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Typically, the relative permeability of the shield runs between

5,000 to 450,000, and the relative permeability of the vacuum is 1.

Therefore, the assumption stated above is generally satisfied.

The relative permeability of the shield is a function of the

applied magnetic field, more precisely, as given by equation (3).

Therefore, the shielding factor may be written in terms of H.a , B.a

and the dimensions of the shield:

2

OP D~) is

Accordingly, to determine the shielding factor it is

necessary to know the applied magnetic field and the applied

magnetic field density. Recall that for a ferromagnetic material the

relation between Bapp and Hpp may be obtained using the B&H curve

of the shielding material. Accordingly, only B.a or HaP is needed

to compute the shielding factor if the B&H curve of the shield is

known.

3.2.3 Applied Magnetic Field Density - External triggering

Field. In the case of a cylindrical shield immersed in a uniform

and homogeneous magnetic field (H.tf) the applied magnetic field

density is given by (Magnetic Shield Corporation Catalog Lk-2g,

1991:2):
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BWp.q= PO 125 D, H,
t

where

B,•.oe = the applied magnetic field density due to the

external triggering field;

p0 = the permeability of vacuum = 1.26x10'" (henry/m)

Hotf = the external triggering magnetic field; and

t - the thickness of the shield in units common to D.

Using the B&H curve of the shield, it is possible to

determine the applied magnetic field and compute the shield

efficiency for the simple case of a cylindrical shield immersed in

a uniform and homogeneous external triggering magnetic field.

3.2.4 Applied Magnetic Field Density - Internal Field. In

the case of an infinitely long cylindrical shield exposed to an

internal field such as the one created by a current carrying

conductor, the applied magnetic field density is given by':

2 2

B 110Huf(Djt+ D; (21)
(Dlt- D;

where

Bapp.int = the magnetic field density within the shield due to

the internal triggering field (tesla);

IThis expression is derived using Laplace's equation. The development is

provided at Appendix A.
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Hif - the internal triggering magnetic field (amp/m).

3.2.5 Applied Magnetic Field Density - Total. As discussed

in Chapter 2, the applied magnetic field density at any point will

be approximately the vector sum of the two applied fields. Because

both applied fields density will be approximately parallel to the

circumference of the shield surface, the vector sum of the two

fields density will either be a sum or a difference of the

magnitudes of each applied field densities. Accordingly, one half

of the magnetic shield will experience a field density B1

approximately equal to:

B1  Bappr + BWpOV (21)

and the other half of the shield will experience a field density B2

approximately equal to:

B2 =B aipp- -- B app.q-(2

As illustrated in Figure 13, the field to the left of center

is labelled B,; and the field to the right is labelled B2 . For the

SCEP application it should be noted that the difference between B1

and B2 will be small, since the earth's magnetic field will be

smaller than the magnetic field created by a current carrying

conductor wire.
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Therefore, the presence of an internal magnetic field will

modify the magnetic field density, and consequently the shield

efficiency. Typically, the magnetic shield dimensions and

efficiency is computed using the worst case scenario, which is based

on the highest magnetic field density anywhere in the shield. This

will ensure that the shield is not saturated at any point.

Saturation of the shield indicates that electron spin axis of all

domain are oriented in the direction of the applied field.

Therefore, if the applied field is further increased the shield

relative permeability decreases. Consequently, the shield

efficiency will also decrease.

Accordingly, using equations (14), (18) and (21) the Hr.tf may
be expressed as:

H : HeH
r4f 2 (23)

Pr 1, I Do1
4 2

where p, = B, / H1, recall equation (21) defines B1. From this

equation and the assumption that a shield relative permeability is

much greater than one, it may be conclude that Hretf <<< H.tf. An

example will illustrate this conclusion.

3.2.6. An Example. Consider the coil described is section

1 1.1, that is:

1. 1 (m) X 0.25 (m) rectangular coil;

2. 0.05 (cm) diameter of the conductor wire;
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3. 1000 turns - diameter of the coil = 2 (cm); and

4. 1 (amp) current circulates in the conductor.

A cylindrical shield is then placed over one of the two 1 (m)

segments of the rectangular loop. The dimensions of the

shield are:

1. L = 1 (m) the length;

2. Di, = 3 (cm) the inside diameter; and

3. Dot = 3.06 (cm) the outside diameter.

H,.tf is obtained using equation (23). The inside and outside

diameter are defined, the earth's magnetic field at LEO is

the external magnetic field. For the purpose of this

example, the earth's magnetic field is considered uniform and

homogeneous, accordingly:

H.tf = 24.6 (amp/m)

The relative permeability remains to be determined. As

discussed in Chapter 2, the relative permeability of a shield

is a function of the applied magnetic field density, and it

is obta-ined using the magnetization curve of the material.

For this example, the shield is "co-netic" material for which

the magnetization curve is known (Magnetic Shield Corporation

Catalog Lk-2g, 1991:2). As defined previously, the applied

magnetic field density is B,. Using equation (19), (20) and

(21) B1 may be expressed as:

B 0 H I (D 0 W+ D31) + go 1.2 5 Dow H,(
2 2 t(D 0-u - D w,
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where

t = (Do, - Dr.) / 2 = 0.03 (cm); and

Htr(Dj/2) = n I / :Di. - 10,610 (amp/m) 2

Therefore,

B1 - 0.675 (tesla) + 0.004 (tesla) = 0.679 (tesla)

Using the magnetization curve for "co-netic" material yields:

Pr = 100,000

Accordingly,

= = 0.025 (amp/r)
971

Therefore, for this particular example, the force induced on

the conductor wire due to the residual external field will be

approximately 1, 000 times smaller than the force acting on an

unshielded conductor.

3.3 Magnetic Surface Current Density - Hett

3.3.1 Estimating J,,-etf. The magnetic surface current density

created by Bapp_.tf is not uniform. This is to due to the fact that

Bapp-.tf is not uniform. As illustrated in Figure 12 B~pp..tf has

approximately the same direction on both sides of the shield

Accordingly, the direction of the surface current on the outer

surface of the shield will be opposite from one side to the other.

ýThe internal triggering field will vary only slightly between the inner
and outer surface of the shield. Therefore, it is assumed to be constant
throughout the shield. The value of this approximation is discussed at
Appendix A.
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This suggests the presence of two transition regions where the

current density will vary from its peak value in one direction to

zero, and back to its peak value but this time in the opposite

direction. Numerical analysis methods are required in order to

describe the current density behavior accurately. However, we are

interested in an estimate of the current density's magnitude.

Therefore, we assume that the transition regions are infinitely

small. Accordingly, the magnitude of the current density created

by B.PP...t is considered uniform and equal to the peak value. Also,

this assumption allows the magnetic surface current density to be

modelled as two independent current densities with equal but

opposite direction. Using this assumption, the magnitude of the

current density may be determined by solving Laplace's equation3 .

2 }

"(Pr (Dout D;) + (Do2 + D.•)

Accordingly, the magnetic surface current density created by

the external field is also inversely proportional to the

permeability of the shield. This surface current density may be

modelled as an equivalent current. The magnitude of this current

is given by:

'The development of Laplace's equation is similar to the development

illustrated at Appendix A.
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The magnitude of the magnetic field created by this

equivalent current at the current carrying conductor position is

given by equation (12):

2 = =j

And the magnitude of the force induced on the conductui wire

due to the density current created by the external field is given

by Lorentz equation (2):

Fmne = I Bm- L =I po Jmx-,nfL (29)

Therefore, the force generated on the conductor wire due to

the magnetic surface current density generated by the external lield

will be significantly less than the force exerted on an unshielded

currant carrying conductor.

3.3.2 An Example. Consider the scenario developed in the

previous example (section 3.2.6). The same value are used to

compute the magnetic surface current density:

H.
J f= = 0.025 (amp/m) (1)

971

Accordingly, for this example the current density will be

approximately 1,000 times smaller than the external

triggering field. And, the magnitude of the force is:
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F=,_, = 3 x 1O0-(N) (31)

Therefore, the force induced on the conductor wire as a

result of the equivalent current is also approximately 1,000

times less than the force induced on an unshielded conductor.

3.4 Magnetic Surface Current Density - Hitf

3.4.1 Estimating Current. The magnitude of the magnetic

surface current density resulting from an internal field is given

by :

2 2
H H( 039 + D;) (32)

S~f14f2 _ 2
p, (D.U -D;

This surface current density may be modelled as an equivalent

current. The magnitude of this current is given by:

I = J Do (33)

This current will be significantly smaller than the current

being shielded since it is inversely proportional to the relative

permeability of the shield. And the magnitude of the force induced

on the shield due to this equivalent current is given by Lorentz

equation (2):

4'his result is obtained using Laplace's equation. This development is

included at Appendix A.
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Therefore, this force is also significantly less than the

force exerted on the currant carrying conductor.

3.4.2 An Example. Again using the value of the previous

example it is possible to calculate the current which models

the surface current density.

Id _ 2 0.515 (amp)
1941

Accordingly, for this example, the equivalent current induced

on the shield will be approximately 2,000 times smaller than

the current circulating in the conductor. And the magnitude

of the force is:

F = 1.6 x 10-5 (N) (36)

Therefore, the force induced on the shield as a result of the

equivalent current is also approximately 2,000 times less

than the force induced on an unshielded conductor.

3.5 SCEP Performance

In this section we will calculate a number of the

characteristics associated with the SCEP. These characteristics

will serve as a comparison basis to evaluate the potential

performance of the SCEP. The performance evaluation of the SCEP is

difficult to obtain using standard criteria such as specific
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impulse. Indeed, the SCEP does not expel mass to obtain thrust,

therefore, theoretically the specific impulse would be infinity.

Accordingly, specific impulse is not considered an appropriate

criteria for comparison. Perhaps a more significant criteria is the

maximum thrust obtainable per unit mass of the propulsion system.

For the purpose of this thesis, the propulsion system does not

include the power system. The power required to achieve maximum

thrust is also considered as a performance criteria.

Finally, the SCEP performance criteria will be compared to an

electric propulsion thruster currently being developed. It must be

emphasized that the performance criteria are calculated for a

rudimentary design of the SCEP, that is the design is not optimized.

Also, as indicated in Chapter 1 the magnetic field are considered

to be static for this feasibility study. Therefore, the force

calculated in the performance criteria does not take into

consideration the effect of the back emf experience by the SCEP when

moving relative to the earth's magnetic field. Therefore, the

purpose of the comparison is to illustrate the SCEP performance

potential for space applications.

3.5.1 An Application. In order to calculate the performance

criteria we will use the examples considered thus far. Let's review

the parameter of this example:

1. rectangular coil;

2. 1000 turns;

3. conductor diameter - 0.05 (cm);

4. dimensions - 1 (i) X 0.25 (m);

5. current - 1 (amps);
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6. shield inside diameter - 3 (cm); and

7. shield outside diameter - 3.06 (cm).

In this application 3 of the 4 segments forming the rectangular coil

will be shielded, leaving one segment of 1 (m) exposed to the

earth's magnetic field. The following information is required to

complete the calculation of the performance criteria:

1. P.,iel - 8.74 (gm/cm3), the density of the shielded

material;

2. p.,, = 2.70 (gm/cm3), the density of aluminum; and

3. r.,, = 2.8 x 10" (ohm m), the resistivity of aluminum.

The mass of the SCEP is the sum of the shield mass and the

wire mass, and the power requirement is the power dissipated due to

the conductor wire resistivity. The mass of the shield is given by:

mshW := Volume,,,, P..

= 1.5(m) x 0.3(mm) x 2n 1.515(cm) x 8.74(g/cm) (37)

= 0.376 (kg)

Similarly, the mass of the conductor wire is given by:

m"*T = Volumeco0, pa&

= 1000 x 2.5(m) x n (0.025(cm)) 2 x 2.7(g/cm) (3)

= 1.33 (kg)
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And the power requirement will be given by:

LengthcoPSCEP = 12 R = 12 r.,Legh..

Surface.,&

= (1 (amp))2 x 2.8x1O (ohm m) x 2500(m)

n (0.025(cM)) 2

= 0.357 (Kwaa)

Finally, the maximum thrust is given by:

Fo= = Bf I L, n = 0.03 (N) (U)

where

n = the number turn in the coil; and

Lexpos = the length of the conductor wire exposed to the

earth's magnetic field.

Table III provides a crude comparison of the performance

criteria for both the SCEP and an electric thruster. The SCEP

offers other obvious advantages, such as simplicity of design which

would make the SCEP extremely reliable. Therefore, it may be

concluded that the SCEP has a significant potential to outperform

current propulsion systems.

3.6 Shield Shaking

3.6.1 Shield's Magnetization. Magnetization of the shield

will occur as a result of the hysteresis phenomena observed within
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Table 111. SCEP Performance Potential.

SCEP Electric Thruster*
(Janson, 1993:2)

F = 0.03 (N) F... - 0.020 (N)

m - 1.8 (kg) m - 21 (kg)**

Power - 0.357 (KW) Power - 0.7 (KW)

* The specifications are for an electric thruster currently

being developed.
** The mass of 21 kg does not include the mass of propellant

and propellant tank.

the shield. First, consider a demagnetized shield to which a

magnetic field is applied (Hp). The magnetic field density within

the shield will be as given by the B&H curve of the material. When

HaPP is removed a residual magnetic field density (Figure 8) is

retained within the shield.

As discussed before, a magnetic field within the shield will

result in a surface magnetic current density. After the applied

magnetic field is removed, a surface current will remain on the

surface of the shield. Therefore, when the magnetic field is re-

applied, it will interact with the surface current and a magnetic

force would be induced on the shield. While the surface current

created by the residual field is significantly smaller than the

current circulating in the conductor wire, it will nonetheless be

sufficient to induce a significant force on the shield. This was
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observed during the laboratory experiment. Also, to achieve maximum

shield efficiency, the shield should be operated close to

saturation. Accordingly, it is expected that the residual field

will approximate its maximum value, thereby degrading the

performance of the magnetic shield. Techniques such as shaking coil

(0. Vdin6, R. Peltonen, and B6rje Rantala, 1980: 575-578) have been

developed to prevent the magnetization of a shield.

magneticshield

.: . . . '... ..

conductor
shaking coil

Figure 16. Shaking coil wrapped around a cylindrical shield.

3.6.2 Shaking Coil. The purpose of a shaking coil is to

reduce the hysteresis effect within a magnetic shield. It is a coil

loosely wrapped to conduct current along the inner and outer

surfaces of the shield so as to induce a circumference magnetic

field within the shield. Use of alternating current causes the
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induce field to alternate in direction (Figure 16). It has been

demonstrated that the shaking coil parameters such as the frequency

and the current intensity are not critical to its efficiency (Kelha,

Peltonen, and Rantala, 1980:578). To illustrate the working

principle of a shaking coil, consider a shield that has been

magnetized. When a low amplitude magnetic field is applied and

removed a number of times, we observe that the hysteresis effect can

be used to our advantage by reducing the residual field to zero.

Figure 17 is an approximate illustration of shield demagnetization

process. The shaking coil will produce the required low intensity

magnetic field which will vary in polarity with the frequency of the

current. For every cycle, the residual magnetic field density will

decrease. The amount by which residual magnetic field decreases

(ABj) is proportional to the magnitude of the residual field.

Therefore, ABj will decrease as the residual field decreases. When

the residual field reaches a value close to zero, it will retain

this value until a magnetic field is re-applied. Typically, a

shaking coil uses a frequency of 50 hz and current of 0.75 amps.

3.7 Summary

In this chapter we reviewed the equations required to

determine the magnitude of the forces induced on a shielded

conductor and concluded that those forces are negligible. Also,

performance criteria were defined in order to estimate the SCEP

potential for space applications. These criteria were used to

compare the SCEP with an electric thruster. It was found that the

SCEP compared most favorably to the electric thruster. Finally, we

discussed a technique called shaking coil that may be employed in
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S~B2

H applied

H ~(Am-1)
coil

Figure 17. Demagnetization process.

order to maintain the shield's performance.
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IV. Experimental Demonstration

4.1 Introduction

4.1.1 Aim. The aim of the experimental demonstration is to

provide visual evidence to support this feasibility study. In

particular, it demonstrates that a magnetic shield may be used

successfully to prevent a magnetic field from inducing a magnetic

force upon a current carrying conductor wire and its shield.

Accordingly, the purpose of the experiment is to visually observe

a displacement, due to induced magnetic force, in the absence of a

magnetic shield, and, to observe a significant reduction in the

magnitude of this displacement when the shield is present.

4.1.2 The Space Environment. The experimental demonstration

should reflect, as much as possible, the environment in which the

shield will be exposed, specifically the relative field strengths.

For electrodynamic propulsion in Low Earth Orbit (LEO) the shield

will be exposed to a relatively weak external triggering magnetic

field, the earth's magnetic field, and a relatively intense internal

magnetic field, the field created by current carrying conductor

wire. We will define this characteristic as the magnetic field

ratio. While this ratio will vary significantly as the demand in

current changes, it may still be estimated to be approximately 300.

5This ratio corresponds to a current in a conductor wire of 1000 amps and
a shield radius of 2.35 cm. The internal magnetic field will then be
90 Oersted while the earth's magnetic field is approximately 0.3 oersted.
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4.2 Design Considerations

4.2.1 Induced Magnetic Force. The most basic experiment

necessary to observe the induced magnetic force would probably

consist cf a current carrying conductor wire segment exposed to a

magnetic field. For this type of experiment the induced magnetic

force is given by equation (2):

E=(L XB)L 2

Using this equation it may be shown that a single current

carrying conductor wire exposed to a magnetic field is not a

practical experiment to conduct. For example, consider a magnetic

field of an intensity comparable to the earth's magnetic field, and

a 10 cm long conductor wire. A current of approximately 33,000 amps

is required in order to produce 0.5 Newton. Even if the magnetic

field is increased by a factor of 100, it would still be necessary

to produce a current of 330 amps to obtain 0.5 Newton. Also, with

this design it would be difficult to visually observe a displacement

of the wire. Accordingly, an alternative design is proposed. This

design allows for a significantly large current to circulate while

maintaining the ability to visually observe the effect of a small

force.

4.2.2 Coil and Torque. The torque experienced by a current

carrying conductor loop exposed to a constant magnetic field is

given by equation (11):

4-2



v=1 BSn aine (ii)

Accordingly, it may be preferable to conduct the experiment

using a multiple-turn loop, since the torque can be increased by

increasing the number of turns in the loop. For example, a single

wire carrying 1000 (amps) current may be replaced by a wire carrying

a 1 amp current in a coil made of 1000 turns.

4.2.3 Torque vs Force. The feasibility of a SCEP is based on

the ability to reduce the induced magnetic force on the shielded

segments of a loop. The proposed experiment suggests that torque

reduction will be measured rather than the induced magnetic force.

While this is apparently a correct statement, this experimental

design will still allow us to achieve the aim of the experiment;

that is to visually demonstrate that a magnetic force may be

significantly reduced by a magnetic shield. Indeed, the torque

experienced by the loop is the sum of the induced magnetic forces

acting on different segment of the loop. Accordingly, if no torque

is experienced by the loop when the segments are independently

shielded, then it may be concluded that the induced magnetic force

has been shielded.

4.2.4 Generating a Magnetic Field. Two Helmholtz coils were

built and used to generate a constant magnetic field over a

sufficiently large region. The intensity of the magnetic field is

approximated by (Fink, Donald G. and Carroll, 1968):
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H 0.8992 N I
R

where

H = the magnetic field (Oersteds);

N - the number of turns per coil;

I = current (amps); and

R = is the radius of the coil (cm).

This approximation is valid as long as the distance between the two

coil is less than the radius of the coil. In the experiment this

was satisfied since the radius of the Helmholtz coils was 15.5 (cm)

and the distance between the two Helmholtz coils was 13.3 (cm).

The direction of the magnetic field will depend on the

direction of the current circulating in the Helmholtz coil. This

direction may be obtained using the right hand rule, where, as

illustrated in Figure 18, the magnetic field is estimated to be

mostly parallel to the cylinder axis. The actual distribution of

the magnetic field is not precisely known. This is not considered

a significant factor, since the aim of the experiment is to

demonstrate the possibility of significantly reducing the induced

magnetic force. Accordingly, whether the induced magnetic force

results from a uniform or a non-uniform field is not pertinent to

this laboratory demonstration. However, it is important that the

magnetic field remains constant for the duration of the experiment.

This allows us to assume that the center coil is exposed to the same

magnetic field when shielded and unshielded. The magnetic field

generated by the Helmholtz was kept constant by maintaining the
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Helmholtz
coil
825 turns

current
direction magnetic field
indicated -- within the gap is

with arrows nearly uniform
on coils

Helmholtz
coil
825 turns :

Figure 18. Field generation by a pair of Helmholtz coils.

current and the distance between the two coils constant.

4.2.5 Measurements. The method of measurement is to record

the magnitude of the center coil rotation about its axis when

subjected to the magnetic field created by the Helmholtz coils

(Htf). The torque induced on the center coil is proportional to

sin 0, where e is the angle formed by the direction of the Htf and

the vector normal to the plane defined by the center coil segments.

This plane is referred to as the "coil plane". Therefore, a maximum

torque is exerted on the center coil when the coil plane is parallel

to Hjt (Figure 19). In the absence of friction the torque decreases

as a function of sin 6, and equals zero when the coil plane reaches

a position normal to the magnetic field.
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Multiple-turn loop exposed to magnetic
field generated by two Helmholtz coils.

Srotation

- A--V axis

center
coil

Maximum torque is exerted when the center
coil is parallel to the magnetic field.

Figure 19. Center coil placement in the magnetic field.

During the manipulation we observed that bearing friction

would equal the torque for an unshielded center coil, when 0 reached

a value of approximately 1350 to 1500. Accordingly, a relative

measure of the torque exerted on the center coil for different

scenario (i.e. when the coil is unshielded versus shielded) may be

obtained by assuming that the friction in the bearing will remain

constant for the duration of the experiment. This is accomplished

by first considering the expression which describes the equilibrium

between the electrodynamic torque and the friction torque, TF-:

Be-i n S sin(F) =
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If the friction torque remains constant, a ratio of the induced

magnetic force for a shielded coil over an unshielded center coil

is given by:

SFR = F_____ - sinekkld
FeVrskkded sineF-LwhiL

This ratio will be referred to as the shielded force ratio (SFR).

9 (9 angle indicator

G1 - perpendicular to
shaft; and

ball bearing- parallel to coil

pivots (2)

<..angle

indicator

shaft

coil plane

Figure 20. Angle indicator relative position.

The measurement of the center coil rotation angle is achieved

using a small rod which extends perpendicular to the shaft holding

the center coil, and parallel to the coil plane. This rod is
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attached to the shaft and will rotate as a torque is applied to the

center coil. This rod is referred to as the angle indicator

(Figure 20). The rotation angle of center coil is obtained by

measuring the vertical displacement of the angle indicator's edge

(Figure 21), and the following relation:

e,= sin-i (M
where

h = the length of the angle indicator - 16.19 cm; and

y = the vertical displacement of the angle indicator's edge

from the rest position to the final position.

4.2.6 Static Imbalance. The mass distribution is unlikely to

be uniform around the rotation axis. This results in a statically

imbalanced system. The mass distribution around the rotation axis

may be viewed as two masses of uniform density separated by an

imaginary plane parallel to both the gravitational field and the

rotation axis, and intersecting the rotation axis (Figure 22). A

static imbalance is observed when the mass on either side of the

plane is not equal. Consequently, the gravitational force on one

side of the rotation axis is different than the gravitational force

acting on the other side of the axis. Therefore, the center coil

will rotate when the difference in gravitational force is greater

than the friction. It will stop when the coil reaches a position

where the difference of the gravitational force acting on either

side of the imaginary plane is less than the friction. Accordingly,
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Oroes sin-A.

angle indicator final
position after torque

normal to coil is pplied.
plane at final

Sposition.

0 F

angle indicator rest position.

Figure 21. Definition of 8 , and ,o.
the aim is to reduce the static imbalance due to gravity to a

magnitude less than the friction over the range of motion the center

coil is expected to perform during the experiment.

The center coil rotation is in a 2 dimension space, the third

dimension is restricted by the shaft holding the center coil. A

uniform mass distribution is achieved by adding masses along the two

axis which define the plane normal to the rotation axis (Figure 23).

To verify that the mass distribution is uniform around the axis we

simply positioned the angle indicator to a number of different

angles at which the coil plane is expected to move during the

experiment, 00, 150, 300, ... , 900. The system is considered
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plane parallel to intersecting rotation
axis, andIto earth's surface

m2

rotation
axis

ml ý rn2 F(ml) 4 F (m2)

Figure 22. Center coil mass distribution.

balanced when the center coil does not rotate at any of the angles.

As indicated earlier, if an imbalance exists the coil will rotate.

4.2.7 Test Setup. The dimensions and material details are

included in Table IV. Using equation (3), (11) and (41) and the

dimensions of the material, we estimated the maximum torque to be

approximately 0.07 (N*m). To obtain the maximum observable torque,

friction must be kept to a minimum. Accordingly, the rod holding

the center coil is mounted on bearings so that it may rotate as

freely as possible as indicated in Figure 20.
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added masses to
balance the center
coil

axis which defines the
rotation plane.

Figure 23. Balancing the center coil.

The initial dimension of the center coil did not provide a

sufficient length to diameter ratio of the shield. As a result, the

shiele efficiency was affected and the rotation angle was reduced

by a relatively low factor, 5. Therefore, the loop dimension was

modified to 35 cm X 10 cm, which seemed to significantly improve the

shielding efficiency as the rotation angle was reduced by a factor

of 80 due to the presence of the shield. This new coil was not

entirely exposed to the magnetic field since the diameter of the

Helmholtz coils is 31 (cm). Therefore, the area of the coil exposed

to the magnetic field was approximately 31 (cm) X 10 (cm). The

remaining area of the loop was exposed to a non-linear magnetic

field. This field is expected to decrease in intensity as the
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Table IV. Test hardware specifications.

Helmholtz coil

length 0.94 (m)

radius 15.5 (cm)
wire size AWG 24
No. turns 825
current 690 (mAmp)

Note: the distance between the two Helmholtz
coils - 13.3 (cm)

Center Coil

Initial Modified
length 20 (cm) 35 (cm)
width 20(cm) 10 (cm)
wire size AWG 24

No. turns 1000
current 700(mAmp)
estimated 0.093(N*m) 0.090(N*m)
torque

Shield
inside diam. 8.246 (cm)

outside diam 8.5 (cm)
thickness 0.0254 (cm)
# layers 10

distance from the Helmholtz coil increases. As discussed earlier

the precise description of the magnetic field is not critical to the
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experiment, as long as it is maintained constant throughout the

experiment.

4.2.8 Limitation. The experiment design will demonstrate a

limited shielded force ratio. As indicated at equation (45), the
/

shielded force ratio is proportional to sin(eF,,hi.1d) / sin(0,_...,).

Accordingly, the maximum value of this ratio is limited to the

maximum rotation angle which in turn is limited by the experiment

design. For example, consider that the maximum rotation angle

observed for an experiment is 60 degrees, that is e.-unsh

150 degrees. Also, consider that the force is completely shielded,

that is 6 r-shiold = 90 degrees, that is the shielded coil experienced

no rotation. Therefore, for this scenario the SFR is:

sin(7)
sin 511

However, the force is entirely shielded which suggests that

the shield efficiency is equal to infinity. This nonlinear relation

between the SFR and the shield efficiency is due to the fact that

friction is used as the basis for comparison between the shielded

and unshielded induced force. In particular, the fact that the

friction and the maximum torque are comparable in magnitude limits

the SFR to a low ratio compare to the shield efficiency. On the

other hand, if the torque was much greater than the friction, the

SFR will tend towards infinity while the shield efficiency is

significantly less. This is the case when the maximum rotation

angle of the unshielded coil is 900, that is eF-un.h = 180' making the

denominator of equation (45) 0, and consider that 8
OF-hi.ld = 1700.
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Consequently, the SFR becomes infinity while the shield efficiency

is clearly less than infinity. Accordingly, the shield efficiency

cannot be measure accurately due to the experimental design.

The aim of the experiment is to visually observe a significant

reduction of the induced magnetic force in the presence of a

magnetic shield. Accordingly, in the results section the data is

presented in a format which support the aim of the experiment. In

particular, it provides the rotation angle for the unshielded coil

the shielded coil, and the shielded force ratio.

4.3 Test Procedure

4.3.1 Unshielded Lq-p. The test procedure for this part of

the experiment is relatively simple. Once the setup is completed,

the Helmholtz coils and the center coil are independently connected

to a power supply. The coil plane is initially positioned parallel

to the magnetic field generated by the Helmholtz coil, and as the

current circulates, the center coil will experience a torque which

will tend to rotate the center coil to a position perpendicular to

the magnetic field.

During this test procedure we found that the power source

available was unable to provide the necessary current to reproduce

the magnetic field ratio to which the shield will be exposed in a

space environment. More specifically we intended to generate an Hetf

10 times greater then the earth's magnetic field, and generate a

current of 2 amps in a center coil made of 1000 turns. This

scenario would have produced a field ratio of 60. However, the

power supplies were only capable of producing a maximum of 0.700 amp
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in the center coil. This decreased the torque to an unacceptable

level, and, the H,,, was increased to approximately 100 times the

magnitude of the earth's magnetic field to boost the torque to an

acceptable level. Consequently, the field ratio for the experiment

was approximately 2.

4.3.2 Shielded Loop. The second test procedure consisted of

shielding the two segments of the loop on which an induced magnetic

force would produce the torque. The cylindrical shields were

prepared as part of the test procedure; it required that sheets of

shielding material be cut to the appropriate dimension and then

wrapped around the appropriate segments of the loop. Finally, the

shield was held together using tape.

As discussed in Chapter 3 the shield thickness is critical to

the shield efficiency; to achieve the appropriate thickness the foil

is wrapped around the conductor until the accumulation of shield

reaches the required thickness. The recommended procedure for

joining part of the shield is to either use a "U" type joint or to

simply weld the material together. Due to time and resource

constraints these two techniques proved to be impractical,

therefore, the joint were simply taped together. This procedure

is taken into account when discussing the results.

Early in the test procedure we observed the significance of

the end effect. The initial coil segments were 20 cm in length and

the outside diameter of the shield was approximately 8.5 cm, as

predicted for a length to diameter ratio of 2.33 the shield

efficiency was significantly decreased. Therefore, the center coil
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was rebuilt as to offer segments of 35 cm, thereby improving the

length to diameter ratio to 4.17. Also, end caps were installed at

the end of each cylinder.

4.3.3 Manual Shaking Procedure. As forecasted by the

theoretical model, the shield becomes magnetized as the triggering

magnetic fields are applied, removed and re-applied. Accordingly,

an unplanned procedure had to be developed in order to demagnetize

the shield. Based on the principle discussed for the shaking coil

technique, the shield is manually demagnetized, after the magnetic

fields are removed, by reversing the polarity of the external

triggering field and rocking the shield 1800 in this new field.

4.4 Results.

The 0,ot and the SFR were used as the basis to visually

evaluate the ability to significantly reduce the induced magnetic

force. The results are contained in Table V. With the rudimentary

setup utilized in laboratory, it was clearly visible that the

magnetic force was indeed reduced. We observed that the rotation

angle was approximately 80 times smaller in the presence of a

magnetic shield. Also, cylindrical shield end effects and

magnetization of the shield were observed. The end effects were

somewhat controlled by increasing the length of cylinder while

maintaining the diameter constant and by installing end caps. Due

to experimental design limitations it was impossible to precisely

quantify the actual shield efficiency.
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Table V. Measurements.

Center 0eot-unshi erot-shi.ld SFR
Coil (rads) (rads)

1st Application 20(cm) 1.083 0.180 2.100
of triggering x
field 20(cm)

16th Application 20(cm) 1.083 0.853 1.404
of triggering x
field 20(cm)

1st Application 35(cm) 0.730 0.009 1.340
of triggering x
field 10(cm)

llth Application 35(cm) 0.730 0.062 1.339
of triggering x
field 10(cm)

16th Application 35(cm) 0.730 0.123 1.330
of triggering x
field 10(cm)

The applied magnetic field within the shield is significantly

less than the saturation field. Accordingly, the residual field was

undetectable at first. However as the triggering fields were

removed and reapplied a number of times, the cumulative effect of

the residual field was observed as a significant decrease of the

shields performance. Shield demagnetization was achieved by

manually shaking the shield.

Finally, due to equipment lim-tations it proved impossible to

obtain the magnetic field ratio to which the magnetic shield will

be submitted to in space. This is not considered a significant

drawback to this experiment. Indeed, as the theoretical model
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suggest, it is more difficult to shield a 30 Oersted magnetic field

than a 0.3 Oersted magnetic field.

4.5 Conclusion

This experiment provided visual evidence that the induced

magnetic force may be significantly reduced. Furthermore, the

detection of the secondary effects such as magnetization and end

effects, as predicted by the theoretical model, made the experiment

more valuable in terms of supporting the feasibility study of the

SCEP. Therefore, this experiment is considered a success.
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V. Conclusions and Recommendations

5.1 Conclusions

The aim of this study was to demonstrate the feasibility of

using the interaction between the earth's magnetic field and a

partly shielded coil structurally attached to the spacecraft to

obtain a thrust. At the center of this study was a discussion on

the ability to limit the force on the shielded segments of the loop

and the shield itself. The theory indicates that the induced

magnetic force depends on the velocity of the charge upon which the

force is induced. Therefore, a change from a constant direction

velocity, such as in the case of a current in a conductor wire, to

a circular motion, such as in the case of an electron's spin, will

modify the result of the interaction from a net force exerted on the

conductor to a torque applied to the electron's spin within the

shield. Finally, the domains of electron's spin are randomly

oriented. Also, these electron's spin experience a torque when

exposed to a magnetic field. Therefore, it may be concluded that

the sum of all torques will be zero. The re-orientation of the

spins will result in a surface magnetic current density. The

magnitude of this current may be obtained using Laplace and

Poisson's equations. As shown, these currents are quite small

compared to the current being shielded.
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Also, a review of the boundary conditions between the vacuum

and the magnetic shield indicates that a magnetic field near a

shield will be attracted and will have a tendency to remain trapped

within the shield. This behavior associated with a cylindrical

geometry explains why the external triggering magnetic field will

be mostly deviated from the shielded region. Indeed, a portion to

the magnetic field will penetrate through the shield into the

shielded region. However, the amount of leakage is inversely

proportional to the relative permeability of the shield. Since

magnetic shields have very high relative permeability it is expected

that the portion of the field which will penetrate the shielded

region will be extremely small compare to an unshielded region. The

shield may become saturated when exposed to a triggering field large

enough that all domains within the shield have been re-oriented.

Saturation of a shield is characterized by a sharp decrease of the

relative petmeability.

Therefore, there are three means by which magnetic force may

be induced on a shielded conductor:

1. the internal triggering field will create a surface

magnetic density current on the surface of the shield. The

surface current on the outer surface may interact with the

external triggering field, thereby possibly resulting in a net

force;

2. the external triggering field will also create a surface

magnetic current on the surface of the shield. The surface

current on the inner surface will generate its own magnetic
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field which may interact with the current carrying conductor

and possibly result in a force; and

3. the small portion of the magnetic field which penetrates

the shield in a direction almost normal to its surface and

successfully penetrates the shielded region and induces a

magnetic force on the shielded conductor.

For the three cases we were able to demonstrate that the magnitude

of the forces that may be created is significantly smaller than the

force induced on an unshielded current carrying conductor.

Finally, an experiment was conducted to support the

theoretical findings. The experiment proved to be a success as it

provided visual evidence that the induced magnetic force was

sign'ficantly reduced by approximately 50% in the presence of a

magnetic shield. Secondary effects such as end effects and shield

magnetization were also observed, thereby providing additional

evidence that the theoretical model is correct.

In order to provide some perspective on the actual potential

of SCEP it may prove valuable to briefly highlight its advantages.

The most significant particularity of this propulsion concept is

that no propellant is necessary, thereby providing an extremely long

lifetime. Also, the technology and materials required to construct

the SCEP are available, inexpensive, and simple which in turn would

make the system extremely reliable for space application.

5.2 Recommendations

5.2.1 Additional Validation - Model. This study centered on

the force induced on a shielded conductor subjected to two
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triggering fields. The shield is at rest with respect to the

triggering fields. However, in low earth orbit the shielded

conductor will be moving relative to the earth's magnetic field.

The consequences of a relative motion between the external

triggering field and the shield have not been addressed in this

study. Therefore, further study is required to describe the

behavior of the magnetic field in and around a magnetic shield

moving relatively to the external triggering field.

Theoretical study is also required to further understand the

magnetic shield process. In particular, the process of storing

energy in the spin axis re-orientation could be quantified. This

would allow the description of the shield as an energy storing

device. Also, the laws of conservation of energy and angular

momentum have not been verified, and, it should be part of future

study.

In this study we considered a simple geometry shield which

allowed us to described the magnetic field using closed form

analytical expressions. More complex geometry, for which current

expressions do not hold, will be required for future application.

Therefore, numerical analysis techniques are required to evaluate

the magnetic field behavior in and around a magnetic shield of more

complex geometry. These techniques may have to be developed.

5.2.2 Application Considerations. The SCEP may at best offer

5 axis controls since it is not able to produce a force in the

direction of the magnetic field. However, the theoretical study

indicates that the magnetic field may vary in intensity and
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magnetic shield

co ductor wire Is represented
by e dark drde between the

magnetic shield

Concentrator, magnetic shield is used to attract, trap, and concentrate
the magnetic field on the conductor wire. The conductor wire is placed
In the small gap between the two shields.

Figure 24. Concentrator.

direction around and within the magnetic shield. Therefore, uses

could be made of these characteristics to improve the SCEP's

performance. For example, the shield could be used as a

concentrator (Figure 23). In this new configuration the problem

becomes similar to the small gap toroid problem.

For the purpose of this thesis we simply demonstrated the

feasibility of SCEP. At this point it would be appropriate to

define specific mission requirements and optimize the design of the

SCEP to satisfy those requirements. For example, the mission may
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be to provide LEO to GEO orbit transfer in a period of less than 10

days. Accordingly, the dimensions of the conductors and power

source would be designed to satisfy that mission. In particular,

the SCEP may operate on high intensity short duration power impulse,

therefore, it may prove profitable to use capacitors in lieu of

batteries.

An overall optimization study should be considered in order to

define better propulsion components. For example, other conducting

material such as a conducting polymer may be used instead of an

aluminum conductor in order to reduce the weight of the propulsion

system.

Control issues will also have to be addressed. In particular,

the current level to be provided to the different loops will vary

with the task and the relative position of the earth's magnetic

field. Also, the shield efficiency will vary as a function of the

current level. Therefore, a controlling device which will take into

consideration these factors will have to be developed.

The SCEP is a very promising space propulsion concept. It has

the potential to develop into space application beyond current

system capability.
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Appendix A: Magnetic Field - Internal Triggering Field

The purpose of this appendix is to provide a closed form

analytical expression for the magnetic field generated by a current

carrying conductor positioned along the axis of cylindrical shield.

A cylindrical coordinate reference system with the 2 axis defined

by the conductor wire is used the describe the magnetic field

(Figure 25).

reference

Figure 25. Cylindrical coordinate reference system.

A number of assumptions are made in order to simplify the

analysis of the problem. The first assumption will be that the
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conductor wire and the shield are infinitely long. This assumption

is considered valid when two conditions are satisfied:

1. The distance "r" at which the magnetic field is described

is at least 10 times smaller than the conductor wire's length;

2. The distance from the conductor ends at which the magnetic

field is described is at least 10 times greater than "r".

The second assumption is that the surface magnetic current

density created on the outer surface of the magnetic shield (J ..... )

is equal and opposite in direction to the surface magnetic current

density created on the inner surface of the shield (J,-in) . As

discussed in Chapter 2, the magnetic surface current density results

from the re-orientation of the electron spin magnetic moment. The

number of re-oriented magnetic moment which created J,.-out is equal

to the number of re-oriented magnetic moment which created J,,-i,.

The outer shield diameter is obviously larger than the inner

diameter. Therefore, J.-,,ut will be smaller than J,,-in, the ratio may

be derived and is given by:

imi _ ut(8

Jsm-ou Di

The diameter of the shield is typically 100 times greatei than the

thickness of the shield. Accordingly, the ratio in equation (48)

is typically 1 .02, and J,,•-ot is approximately equal to Jm-in.

This assumption allows us to compare the applied magnetic field

created by the surface magnetic current density to the magnetic

field created inside a solenoid. In particular the magnetic field
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inside an infinitely long solenoid is constant (Johnk, 1975:42).

Therefore, the applied magnetic field will be assumed constant

throughout the shield. Consequently, it may also be assumed that

the relative permeability will be constant within the shield.

The potential function * in cylindrical coordinate reference

system is used to define the magnetic field in and around the

shield. The relation between the magnetic field and the potential

function is given by (Van Bladel, 1964:163):

H(rO) = X VZ(r,e)] (49)

where Q, = the unit vector along the z axis in the cylindrical

coordinate reference system. From this expression it may be

concluded that the magnetic field is independent of the position

along the I axis. Therefore, the magnetic field may be described

in a two dimension space, and the potential function may be defined

using two variable, "r" and "0".

Consider the field created outside a current carrying conductor

in an isotropic and homogeneous medium (i.e. absence of magnetic

shield). The expression of the potential function associated with

the field is given by:

2
-Jn(r) =- pWMr , In(r)

2

where:

Pwir. = is the radius of the conductor wire (m);
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r - the distance from the conductor wire(m); and

J~, ir= current density due to current in the wire (amp/mr).

The validity of equation (50) may be verified using

equation (49). The medium is then modified by the insertion of a

high permeability cylinder around the conductor wire. As discussed

in Chapter 2, a magnetic surface current density will be created at

the surface of the shield. This surface current density will in

turn create a magnetic field. The magnetic field within a uniform

current density equal zero (Krauss, 1984:171). As a result of the

initial assumptions, that is an isotropic and homogeneous medium,

and a constant relative permeability, the magnetic surface current

density may be considered uniform. Accordingly, the magnetic field

created by the magnetic surface current density will equal zero

inside of the cylinder. Therefore, equation (50) remains valid over

the region limited by the inside diameter of the shield and the

outside diameter of the conductor wire.

To define the magnetic field outside and within the shield we

now consider Laplace's equation:

The form of the general solution to Laplace's equation in a

two dimension space is given by:

S(r,O) = (A r + C Ir)sin(O) + (D r + E Ir) cos(O) (52)
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This equation represents the potential function of a magnetic

field in an isotropic and homogeneous medium. Accordingly, we shall

define the potential within the magnetic shield as:

¢b (r,6) = (A wa r + C hjd Ir) sin(e) (53)

+ (D d r + E... Ir) cos(O)

and the potential outside the shield as:

O (r, = (A ., r + C ., Ir) sin(O) (54
+ (D,= r + E. /r) cos(O)

One more condition applies to the magnetic field outside the

shield. Since the magnetic field at infinity tends to zero, the

potential function must be defined at infinity. Therefore, the

value of the constants A,,, and D0,t must be zero. The equation for

the potential function outside the shield may be rewritten as:

(rm) = C, Ir sin(e) + Eo Ir cos(o) (55)

The problem then becomes one of determining the value of the

constant A.hiold, Cshi°ld, Dahield, Eshiold, Cout, Eo-t- We apply the boundary

conditions, which are given by (Krauss, 1984: 238):
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Protar -1P,-Agkd ar

and

1 a-,hfr 1ism (57)
r oe raO

where •,-oat = 1 since it is the vacuum.

Two boundaries are define for this problem:

1. one boundary defines the transition from the shielded

region (vacuum) to within the shield. This boundary is at a

distance r = a; and

2. the other boundary defines the transition from within the

shield to outside of the shield (vacuum). This boundary is

at a distance r = b from the center of the conductor wire.

At r = a, the first boundary conditions gives:

,_•(A,4 - C,,,,,,,h Ib) sin(O) +

Pr-s.i (D,, - Ek Ib) cos(O)) = (s)
- C, Ib2 sin(e) - En lb2 cos(O)

and the second boundary condition gives:
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(A•,• + C,,k lbt ) cos(e) -

(DOkud E+ , 1b2) sin(O)) - Mw)

- C,, lb2 cos(e) + E",, lb2 sin(e) = J,

These equations are valid at any angle, therefore, they must be at

valid at 6 = %/2 and at 6 = 00. Accordingly, at 6 = %/2 equation

(58) becomes:

R,-. (Ai - Ck lb) = - Co /b 2  16)

and equation (59) becomes:

(Die + Ed lb) - Ea lb2 = -(j)

at 6 = 00 equation (58) becomes:

•,_d (Dk - Ek lb) = - EO lb2  (62)

and equation (59) becomes:

-shk + Czhd Ib) + Co lb 2 = -J=. (63)

the last four equations may rewritten as:

Eo( 1 + 1 Jxb 2

2 phed 2
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J E,(I __

Dk 2 2 b 2 k kIdra.)

CshId + 1 +56

As~deld CO 1 + 2 ~ (7

Now we re-apply the boundary conditions at r - a. The first

boundary condition yields:

,_•(A,• - C 5 / la) sin(e) +

1r-,k (D,• - EW la2) cos(O) ( 68)
2J•,,W P We

2a

and the second condition yields:
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•* I III I 11 Ij I I I

-(A d + c.,, la) mos(e) +

(D=iev + j dla) sin(e) = jjn

at 0 = x/2 and 0 e 0 equations (68) and (69) becomes:

I'-Ae (A~il - CAW1,5 Ia2) - Jw 4. (73x)

I.r.hrd(Da,= - E~,,,, ia 2) = J I s vr (72)

2a

(A• + CkIda 2) = -J= (M)

These four equations combined yield the following four equations:

2

2 4 P,-h7ld a

As = -__ Pwire2 4 '½,-hAkd a
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= 2  4
2 4 r*,-aP2

J_ a p a 177)22 4

Combining equations (67) and (75) yields:

2 b 2 jj 2

=1-2 b2J - -• -. ____ (78)
cou m 2 a) Pr-shiel -

Combining equations (66) and (76) yields:

2col = _j," (a 2 + b•) + jW P w• a Pr-Ak• (79)
2 1,r-sl ) ,r-shkid + 1

Combining the last two equations:

2. Pw-
2 ,-* (r - 1) (-a,-1E +

-a 2 - b 2  + 2 b2

Pr-shed + 1 Pr-sed- 1

Making the approximation that p,>>>l, the last equation may be

rewritten as:
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J. p', (b2 + a2)

2 prk da (b2 - a)

also, Di,, = 2a and Dot - 2b, therefore the previous equation becomes:

P2 D2 2 2 2
Jim J wire ou + D- H (Dow +82)

2 2 12 2
11r-shde~d D1x (D;. D1;) PrA~ (Dd - Dia)

This is the solution to the magnetic surface current density at the

surface of the magnetic shield. The negative sign indicates that

the current at the outside boundary runs in an opposite direction

to the current in the conductor wire. The other constants are

determined by substitution of equation (81) into equations (65),

(74), (75), (76), (77) and (78).

To determine the magnitude of the magnetic field within the

shield, we use the following relation:

Hm (s)W• (Pr - 1)

if the assumption that ,>>Il prevails, the magnetic field density

within the shield will be:

2.Pw (b2 2 2
Ba =p, o J= = Ito b(b+a

Bp J 2 a (b -a 2 )
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this expression may be rewritten in terms of the magnetic field

created by a current carrying conductor, that is, the internal

triggering field:

B~, ILO hr (b2+a2
(b - a 2  )

and, this equation may also be rewritten in terms of the inside and

outside diameter of the shield:

2 2
Bapp= g H.(Dow +D;
Bqp~o~~e 2 2

(Dow -I;
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